ABSTRACT
INTRODUCTION
The first committed enzymatic step in the Shikimate biosynthetic pathway, the aldol-type condensation of phosphoenolpyruvate (PEP) 1 with erythrose 4-phosphate (E4P) catalyzed by 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (DAHPS; EC 4.1.2.15), is responsible for the biosynthesis of aromatic amino acids, folates, isoprenoid quinones and other secondary metabolites in bacteria, fungi, and plants (1) . DAHP, via six enzymatic steps, is converted into chorismate, the last common or branch point intermediate in the pathway.
Chorismate is rearranged to prephenate by chorismate mutase (CM; EC 5.4.99.5) or converted into anthranilate by anthranilate synthase in the subsequent Phe/Tyr or Trp branch biosyntheses, respectively.
DAHPSs exist in both microorganisms and plants (2) (3) (4) (5) (6) (7) (8) (9) . Utilizing a maximum likelihoodbased grouping analysis, Birck et al. (8) divided 25 randomly chosen microbial DAHPS protein sequences into two classes (defined as Class I and Class II). In addition, 29 randomly chosen 3-deoxy-D-manno-octulosonate 8-phosphate synthase (KDOPS; EC 4.1.2.16) amino acid sequences were divided into two separate families of their own. KDOPS, an homologous enzyme involved in LPS biosynthesis, catalyzes a similar condensation reaction to that catalyzed by DAHPS except between PEP and arabinose 5-phosphate (10). In a more inclusive-type analysis of over 100 DAHPS homologous amino acid sequences (including the KDOPSs) from both microbial and plant sources, performed by Jensen et al. (7, 9, 11) , members of both enzymes were divided into two distinct main families (defined as AroAI and AroAII). The AroAII family, defined as "plantlike" DAHPS, was mainly plant proteins. The AroAI family, mainly microbial proteins, was further divided into subfamilies AroAI α and AroAI β in the same analysis. A comparison of the two phylogenetic analyses find that Birck's DAHPS Class II and Class I correspond to Jensen's AroAI α and AroAI β , respectively.
2 Therefore, to simplify further discussion, the notation by Jensen (AroAI α and AroAI β ) will be utilized in the remainder of this manuscript.
Attempts at rationalizing this computergenerated bifurcation, by examining the biochemical property or properties of various members of these DAHPS subfamilies, have been a challenge for years. Three different properties, metal requirement, allosteric effectors, and substrate specificity, have been separately proposed as the possible criteria characterizing the individual subfamilies (7, 8) .
The metal requirement hypothesis (8) suggested that the AroAI β enzymes are non-metalloenzymes whereas the AroAI α. enzymes are metalloenzymes; however, recent studies demonstrated that some AroAI β DAHPSs are metalloenzymes.
The present of an absolute conserved metal binding sequence motif in all DAHPS, thus far identified, suggested that all DAHPSs are indeed metalloenzymes (6) . Based on the results of DAHPS from the B. subtilis derivative strain 168 (12), the allosteric effector hypothesis (8) proposed that the AroAI β enzymes are inhibited by the branch intermediates chorismate/prephenate; whereas, the AroAI α enzymes are inhibited by the terminal amino acid products Phe/Tyr/Trp. However, some AroAI α enzymes have been shown to only be inhibited by their terminal amino acid products (6) . Finally, the substrate specificity hypothesis (7) suggested that the more "ancient" AroAI β subfamily have a broad substrate specificity whereas the more "recent" AroAI α subfamily have a more narrow substrate specificity. Recently, this hypothesis has been found to be incorrect (6, (13) (14) (15) . Hence, the evolutionary link (or biochemical differences) between DAHPS subfamilies still remains unclear.
New studies on the DAHPS from the parent B. subtilis Marburg strain suggested that it is a naturally evolved bifunctional enzyme possessing both DAHPS (aroA) and chorismate mutase (CM, aroQ) activity (13) . In addition, the enzyme is uniquely feedback regulated by the branch point intermediates prephenate and chorismate (13) . Therefore, a more thorough investigation into the origin and biochemical properties of this fused aroQ-aroA of B. subtilis may provide further understanding on the evolution/biochemically-derived bifurcation of the DAHPS family. In the present study, the aroQ and aroA activities of B. subtilis DAHPS [abbreviated as aroA (Q) Bs ] are separated by domain truncation. Results from our studies utilizing the full-length protein and the truncated domains suggest that aroQ was fused with aroA in B. subtilis for the sole purpose of feedback regulation, not for the creation of a bona fide bifunctional enzyme. Moreover, examination of another aroA-aroQ fusion protein, Porphyromonas gingivalis DAHPS [abbreviated as aroA (Q) Pg ], in which the fusion linkage is at the C-terminus of aroA instead of the N-terminus, further supports these predictions. These results along with further sequencestructure analyses suggest that feedback regulation pattern may be the evolutionary link (biochemical rationale for the computer-generated bifurcation) between the two subfamilies of the DAHPSs.
MATERIAL AND METHODS
Strains and Plasmids-Genomic P. gingivalis DNA was a generous gift from Dr. M. Duncan (Forsyth Dental Center, Boston). Cloning was carried out in E. coli XL1-Blue cells (Stratagene). All genes were constructed into the laboratory stock plasmid pT7-7, an E. coli overexpression vector under the control of the T7 promoter.
All plasmid constructs were transformed into E. coli BL21(DE3) cells (Novagen) for protein overexpression.
DNA Manipulations-Nucleic acid manipulations were performed according to standard procedures (16 PgCM were expressed and purified utilizing the protocol previously described for aroA(Q) Bs (13) .
AroA(Q) Pg and aroA(Q) PgDAHPS were expressed and purified using a similar protocol with the following modification. The cells were grown in LB medium supplemented with 50 µM ZnCl 2 . During the purification, BTP buffer was replaced by 50 mM Tris-HCl containing 50 µM ZnCl 2 and 1mM DTT.
Enzyme Assay-The DAHPS activity of aroA(Q) BsDAHPS was determined by either discontinuous colorimetric assay or continuous spectrophotometric assay as described previously (13) . The DAHPS activity of aroA(Q) PgDAHPS and aroA(Q)
Pg was determined as above except that 50
µM ZnCl 2 was added to the assay buffer. The CM activity was determined by the fixed point assay previously described (13) .
Effect of Metal Chelators on DAHPS Activity-To determine the effect of metal chelators on DAHPS activity for aroA(Q)
BsDAHPS , an enzyme sample (0.6 µM) was incubated with various concentrations of metal chelators (EDTA or DPA separately) in 100 mM BTP (pH 7.5) at 25 ºC for 10 min. PEP (3 mM) was added to the enzyme/chelator solution and the mixture was incubated at 37 ºC for 2 min before initiating the reaction with E4P (6 mM). The reaction time was 2 min. The DAHPS activity was measured in triplicate using the discontinuous colorimetric assay.
Kinetic Studies-Reactions were performed at 37 ºC using the continuous assay for the DAHPS activity of aroA(Q) BsDAHPS , the discontinuous assay for the DAHPS activity of aroA(Q)
Pg and aroA(Q)
PgDAHPS
, and the fixed point assay for all the CM activities. Initial velocities were determined separately for at least five concentrations of one substrate (varied between 0.1 to 5 ~ 10 times K m ) while the concentration of the other substrate was held constant (>5 × K m ). Best fits of K m and V max were determined by fitting the initial velocity versus substrate concentration using a non-linear least squares fit to the standard Michaelis-Menten equation.
pH Dependence of aroA(Q) PgDAHPS -The pH dependence of the enzyme was measured as described previously (13) . Figure 3B , 4B) in assay buffer on ice for 15 min. The reaction was initiated by the addition of E4P (6 mM). After 2 min, the progress of the reaction was monitored using the discontinuous assay at 37 ºC. Addition of the inhibitor post enzymatic reaction but preassay served as a control for potential interference of the tested inhibitors with the Aminoff colorimetric assay (6) .
Miscellaneous Methods-Protein concentrations were determined using the Bio-Rad Protein Assay Reagent with bovine serum albumin (Sigma) serving as the standard. SDS-PAGE was performed under reducing conditions on a 12% polyacrylamide gel with a Mini-PROTEAN II electrophoresis unit (Bio-Rad) and visualized with 0.25% Coomassie brilliant blue R250 stain. Optical spectroscopy was performed using a HP 8453 UV-visible spectrophotometer. Sequences were aligned using Clustal W (17).
RESULTS

Truncation of aroA(Q)
Bs -Previous studies have demonstrated that aroA(Q)
Bs exhibits both DAHPS and CM activity (13) . A NCBI conserved domain search revealed a number of DAHPS-type domains to which a CM domain had been fused. The CM domains are either fused to the N-or C-terminal region via a short linker region (for aroA(Q)
Bs amino acids 88-103 are predicted to be the linker region). To gain insight into the true biochemical purpose of this fusion and to potentially understand the mechanism of the feedback regulation of DAHPS by the CM domain, the two domains were truncated by genetic engineering. To keep the individual domains as intact as possible, the truncation (or cleavage) site was chosen between His90 and Ser91 of the linker region. Both truncated proteins were overexpressed and purified to homogeneity.
Purification and Truncation of aroA (Q) Pg -In addition to the aroQ-aroA fusion pattern observed in B. subtilis, the alternate fusiontype protein, in which aroQ is fused to the Cterminus of aroA as opposed to the N-terminus, was also found. The aroA-aroQ protein from P. gingivalis [aroA (Q) Pg ] was chosen for comparative studies.
The aroA(Q) Pg was expressed and purified using the same procedure described for aroA(Q)
Bs (13); however, the "as isolated" protein preparation exhibited rather low activity (< 0.3 U/mg) and contained Zn 2+ , Mg 2+ , and Cu 2+ as determined by metal analysis (data not shown). The enzymatic activity was abolished by the addition of EDTA as predicted based on an examination of the amino acid sequence of the aroA(Q)
Pg which reveals the presence of the conserved metal binding residue Cys24, His203, Glu229, and Asp240 (6, 18, 19) ; thus, aroA (Q) Pg is predicted to be a metalloenzyme. Therefore, it is possible that the low catalytic specific activity observed for the "as isolated" enzyme preparation could be due to the presence of a contaminating, less than optimal, metal cation(s) at the metal binding site. A similar phenomenon was observed for E. coli DAHPS (Tyr-sensitive) (20) . The authors found that the addition of a specific metal salt (copper) to the isolation buffers resulted in an increase in the as isolated E. coli DAHPS activity (Tyr-sensitive) (20) . Thus zinc, which has been found in the as isolated DAHPS preparations from other microbial sources (6, 21) as well as in the above low activity preparation of aroA(Q)
Pg , was added in the growth medium and purification buffers. A significantly more active aroA(Q) Pg (3.4 U/mg) was obtained.
The results of the NCBI conserved domain search of aroA(Q)
Pg suggested that the DAHPS and CM domains are connected via an apparent linker (amino acids 255-267 is predicted to be the linker region). The two domains were truncated by genetic engineering between Gln263 and Ser264 of the linker to keep the individual domains as intact as possible. Both truncated proteins were overexpressed and purified to homogeneity.
Effect of Metal Chelators on DAHPS Activity-Two metal chelators, EDTA and DPA, were examined for their effect on the enzymatic activity. For aroA(Q) Pg and aroA(Q)
PgDAHPS
, it was found that DAHPS activity was effectively eliminated by treatment with DPA or EDTA. However, for aroA(Q) BsDAHPS , DAHPS activity was only effectively eliminated by treatment with DPA (in a concentration-dependent manner) but not by EDTA at concentrations as high as 10 mM (Figure 1) .
Kinetic Studies-The kinetic constants for aroA(Q) BsDAHPS DAHPS activity were determined using a continuous assay. A discontinuous assay was utilized for aroA(Q) Pg and aroA(Q) PgDAHPS DAHPS activity. A discontinuous assay was utilized to determine the kinetic constants for the CM activity for all the enzymes (Table II) . All enzymes exhibited Michaelis-Menten kinetics. The aroA(Q) BsDAHPS domain showed only DAHPS activity while the aroA(Q)
BsCM domain showed only CM activity. The aroA(Q) Pg displayed both DAHPS and CM activity; while the aroA(Q)
PgDAHPS domain showed only DAHPS activity and the aroA(Q) PgCM domain showed no DAHPS or CM activity. Pg /aroA(Q) PgDAHPS are presented in Figure  3 and 4, respectively. Both prephenate and chorismate inhibited the DAHPS activity of wild type enzymes while no compounds tested inhibited the DAHPS activity of the truncated enzymes ( Figure 3A , 4A) at concentrations up to 1 mM. Additional experiments showed that aroA(Q)
Bs is more sensitive to prephenate than chorismate with 50% activity remaining at 100 µM prephenate or at 1 mM chorismate ( Figure 3B ). It should be noted that a sigmoid inhibition curve was observed for chorismate inhibition ( Figure 3B ). Neither prephenate nor chorismate had an effect on the DAHPS activity of the aroA(Q) BsDAHPS at concentrations as high as 3 mM. The DAHPS activity of aroA(Q) Pg is very sensitive to both prephenate and chorismate with 50% enzymatic activity remaining at 1.5 µM prephenate and at 2.5 µM chorismate, respectively ( Figure 4B ).
DISCUSSION
Based on phylogenetic analysis, the DAHPS family has been divided into two main families, one of which was further divided into subfamilies (7) (8) (9) . Previously, several biochemical properties (7, 8) have been separately proposed as the possible criteria characterizing the individual subfamilies. Nevertheless, as discussed earlier, none of these suggestions have been demonstrated to be convincing. To gain further insights into the potential biochemical property distinguishing the subfamilies, we reinvestigated the unique DAHPS from B. subtilis that exhibits both DAHPS (aroA) and CM (aroQ) activity (13) and has a unique feedback regulation pattern. Another apparent aroA-aroQ fusion protein, the DAHPS from P. gingivalis, was also probed to complement the studies with B. subtilis DAHPS.
The aromatic amino acid biosynthesis pathway may be controlled by feedback inhibition at the first enzyme in the pathway, DAHPS, as well as the first branch-point enzyme, CM (22) . Unlike many other microorganisms, B. subtilis has an unregulated monofunctional CM (aroH in B. subtilis Marburg strain) (23) capable of producing high cellular levels of prephenate. Prephenate, therefore, was likely chosen as the regulator of DAHPS activity in order to prevent the pathway from producing an unnecessary prephenate flow through the pathway. A simple solution to this problem would have been to fuse a prephenatebinding domain onto DAHPS and then modify the binding module to function as a regulatory domain.
The aroQ protein, another protein displaying CM activity (the end product of the CM reaction is prephenate), was chosen for this task. The active site of CM would need only modest alteration to be converted into an efficient prephenate binding site. We propose that this unusual aroQ-aroA fusion protein [aroA (Q) Bs ] was evolved to acquire the CM domain to function as a feedback regulatory domain instead of creating a true bifunctional enzyme such as E. coli aroQpheA (P-protein) (24) or aroQ-tyrA (T-protein) (25) which have fused sequential enzymatic steps in the Shikimate pathway for true biosynthetic purposes.
This hypothesis is supported by three major observations: i) an extremely low CM activity; ii) the kinetics of the feedback inhibition of each inhibitor; and finally iii) the ability of the truncated catalytic domain to catalyze the condensation reaction in the presence of the inhibitor. The aroQ enzyme domain has been extensively modified to preferentially bind prephenate instead of catalyzing the conversion of chorismate to prephenate; thus, the residual CM activity of the aroA(Q) Bs (0.4 s -1 , which is at least 50-fold less active than the CM activity of the E. coli P-and T-proteins-true bifunctional enzymes) reflects only a remnant of its evolutionary past. In the present experiment, both chorismate and prephenate inhibit aroA(Q) Bs . However, compared to prephenate, chorismate is a much weaker inhibitor and its inhibition pattern appears to be a sigmoid curve ( Figure 3B ). It is highly likely that chorismate exhibits its weak inhibition effect in vitro via first its catalytic conversion to prephenate by the low CM activity of the aroQ domain in the aroA(Q)
Bs . The aroA(Q) Bs would most likely be inhibited by only prephenate in vivo since the intracellular chorismate would be rapidly converted to prephenate by the high CM activity of aroH (in parent Marburg strain) (13) (Table II) , pH profile (Figure 2) , and the sensitivity to metal chelators ( Figure 1) ; however, the aroA(Q) BsDAHPS domain showed no feedback inhibition (Figure 3) , suggesting that the DAHPS domain in the wild type aroA(Q) Bs functions as a catalytic domain, while the Nterminal CM domain functions as a "modular" regulatory domain that bestows its feedback inhibition property on the wild type enzyme.
Our hypothesis is further supported by the DAHPS from P. gingivalis which, based on sequence analysis, appears to be a fusion protein with a CM (aroQ) domain fused to C-terminus of an aroA domain ( Figure 5 ) as opposed to the Nterminus in aroA(Q)
Bs . The two aroA domains from aroA(Q) Pg and aroA(Q) Bs share 32% identity with the active site residues absolutely conserved, while the two aroQ domains share 19% identity with the active site residues mostly conserved. Our experimental results confirm that aroA(Q)
Pg is also a bifunctional enzyme exhibiting both DAHPS and CM activity. Similar to aroA(Q) Bs , aroA(Q) Pg has low CM activity and is inhibited by both prephenate and chorismate. In addition, its truncated catalytic domain, aroA(Q) PgDAHPS , is able to catalyze the condensation reaction and the activity is not affected by inhibitors. Therefore, similar to the CM domain in aroA(Q) Bs , the CM domain in aroA(Q) Pg also functions as a "modular" regulatory domain. Results further indicate that there may be significant differences in the domain interaction pattern between these two bifunctional enzymes. Unlike the apparently discrete domain relationship observed in aroA(Q) Bs , a spatially dependent domain relationship in aroA(Q) Pg is suggested from the results that the aroA(Q) PgDAHPS domain exhibits less activity compared to the intact protein and that the aroA(Q) PgCM domain loses all its CM activity. It is possible that, driven by enhanced inhibition efficiency, the two domains in aroA(Q)
Pg have evolved to make more contacts and have buried a larger surface area than the surface area buried in aroA(Q) Bs protein. Thus, the truncated domains are less-stable due to the exposure of those buried inter-domain surface areas to the solvent. This possibility of more interaction between the two domains (more domain contacts) is further supported by the observation that, compared to aroA(Q) Bs , aroA(Q)
Pg is very sensitive to inhibition by both prephenate and chorismate (Figure 3, Figure 4 ). Crystallographic studies of the two bifunctional enzymes, currently underway, will provide further information on this issue. This unique feedback regulatory mechanism observed with the aroA and aroQ fusion proteins prompted us to reexamine the results from previous phylogenetic studies (8, 9) that divided the microbial DAHPS family into two subfamilies. Clustal W (17) analysis of the amino acid sequence found that AroAI β DAHPSs, to which aroA(Q)
Bs and aroA(Q) Pg were assigned, appears to consist of two types of enzymes (Table  III) , one with a shorter sequence defining a single DAHPS domain (type I, ~270 residues) and one with a longer sequence that contains a single DAHPS domain plus an extra segment with divergent sequences at either the N-or C-terminus (type II, ~350 residues). Recently, two type I DAHPSs, one from A. pernix (Zhou, personal communication) and one from P. furiosus (26) , both of which are about 53% identical and 70% similar to the catalytic domain of aroA(Q) Bs , were found to be unregulated. Based on these analyses and the experimental findings from aroA(Q) Bs and aroA(Q) Pg , it is very likely that in AroAI β DAHPSs, the type I enzymes are unregulated while the type II enzymes are controlled by a regulatory domain that was fused with the DAHPS catalytic domain during the evolution process (Table III) . This regulatory domain can be a CM domain, as in the case of B. subtilis and P. gingivalis, or some other domain(s) in other type II DAHPSs.
The above hypothesis is further supported by the recently solved crystal structure of T. maritima DAHPS (type II) (27). The monomer structure consists of two compact domains, an Nterminal ferredoxin-like (FL) domain (residues 1-64) and a catalytical (β/α) 8 barrel domain (residues 80-338) connected by a linker region (residues 65-79). Interestingly, the FL domain shares the βαββαβ motif with several amino acid metabolism regulatory domains (28) . It has been speculated that the mechanism of feedback regulation in T. maritima DAHPS is likely mediated by the FL domain. Domain truncation studies with T. maritima DAHPS, in which the truncated DAHPS domain retains similar activity and thermostability as its intact enzyme and is not inhibited by any aromatic amino acid, support the hypothesis that the FL domain is a regulatory domain (Zhou, personal communication).
Exceptions to this proposed domain recruitment for feedback regulation in DAHPS hypothesis however already exist. Recent studies of the crystal structures of the AroAI α DAHPSs derived from E. coli (Phe-sensitive) (29) and S. cerevisiae (30) reveal both structures consist of a (β/α) 8 barrel, seen for all DAHPS structures solved to date. However, several extensions/insertions are also present and have been reported to function as regulatory elements. Of particular interest is a two-stranded β-sheet (β6a/β6b) insertion that participates in inhibitor binding. Multiple sequence alignment showed that this β6a/β6b insertion, which seems to exist in all the AroAI α DAHPSs, is "missing" in AroAI β including both type I and type II enzymes. It is interesting to note that this insertion, as well as either an N-or C-terminal fusion protein, is also "missing" in the structurally and functionally related, catalytically unregulated KDOPS. Members of the KDOPS family, which are normally shorter in sequence (about 280 residues) than the regulated DAHPSs, have been assigned to the AroAI β branch of the phylogenetic tree (9) .
Our findings and reanalysis of previous phylogenetic studies provide definitive new clues into what property or properties may distinguish the two subfamilies of these enzymes. It is very likely that the AroAI α and AroAI β families differ mainly not only in regulation versus nonregulation but also in how they are regulated, not the previously proposed properties such as metal requirement, the nature of the feedback inhibitors, and/or substrate specificity (7, 8) . DAHPSs and KDOPSs probably evolved from a common progenitor -an unregulated primitive DAHPS. During evolution, some AroAI β enzymes (type I) remained unregulated, while the others (type II) acquired an extra domain for feedback regulation. KDOPSs have remained unregulated. The AroAI α enzymes, however, evolved in a more complex manner to acquire insertions/extensions in the (β/α) 8 barrel to function as regulatory elements (Table III) in order to provide more efficient regulation, which is reflected by the general trend that the inhibition constants of AroAI α enzymes are lower than those of the regulated type II AroAI β enzymes (data not shown).
In summary, the DAHPSs from B. subtilis and P. gingivalis acquired the CM domain to function as a feedback regulatory domain for the regulation of the Shikimate pathway. Sequencestructure analyses suggest that "feedback regulation pattern" is the evolutionary link between the two subfamilies of DAHPSs. The regulation pattern and evolutionary model of DAHPSs presented here may serve as a model for the evolution of other feedback-regulated enzymes involved in other amino acid metabolism. Figure 1 Effect of metal chelators on DAHPS activity. The aroA(Q) BsDAHPS were incubated with various concentrations of EDTA ( ) or DPA ( ) in 100 mM BTP at 25 °C for 10 min and then subjected to an activity assay utilizing the discontinuous method. The results for aroA(Q) Bs were previously reported ( EDTA; DPA) (13) . Activities are expressed as a percentage of the activity in the absence of added chelating agent. Error bars correspond to the standard deviation of three separate determinations. Figure 2 Optimal pH of DAHPS. The enzymatic activity of aroA(Q) BsDAHPS was measured using 3 mM PEP, 6 mM E4P in 100 mM succinic acid/sodium tetraborate ( , pH 4.5 to 5.5), 2-(Nmorpholino)ethanesulfonic acid ( , pH 5.5 to 6.5), BTP ( , pH 6.5 to 9.5), or glycine ( , pH 9.5 to 10.0) at 37 ºC by the discontinuous assay. The results for aroA(Q) Bs ( pH 4.5 to 5.5; pH 5.5 to 6.5; pH 6.5 to 9.5; pH 9.5 to 10.0) were previously reported (13) . Error bars correspond to the standard derivation of three determinations. The residues corresponding to the active site in the E. coli DAHPS (Phe-sensitive) are shaded in gray; B, alignment of the CM domains. The conserved residues corresponding to the active site in the E. coli P-protein CM are shaded in gray, the conserved residues in aroA(Q) Pg or aroA(Q) Bs that are significantly different from the E. coli P-protein are shaded in black. 
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